Background and Purpose-The relation between recovery of brain function and neurological status after clinical and experimental cerebral ischemia is incompletely characterized. We assessed the evolution of ischemic injury, behavioral status, and brain activity at acute to chronic periods after transient middle cerebral artery occlusion (tMCAO) in rats. Methods-Male Sprague-Dawley rats were subjected to 20-minute tMCAO (nϭ10) or sham operation (nϭ10).
S ensorimotor neurological deficits are common sequelae of transient cerebral ischemia and typically resolve, though at times incompletely. 1 These impairments have been linked to the presence of postischemic lesions on diffusionweighted (DWI) and T2-weighted (T2WI) MRI, and neurological recovery has been accompanied by changes in brain activation patterns on functional MRI (fMRI) found to follow clinical and experimental stroke. 2 However, a clear causal relation between the two remains unestablished, as neurological deficits are frequently found in the absence of detectable lesions on neuroimaging and persist despite evidence of significant structural and functional plasticity changes in the brain. 2 Such discrepancies may result from the fact that most prior studies failed to use techniques sufficiently sensitive to detect potentially subtle postischemic tissue injury, used behavioral tests that do not inform exclusively on the affected or examined brain regions, and/or focused largely on acute postischemic time points. [3] [4] [5] A stronger relation between restoration of brain activity and behavioral function may be found when neural and functional measures are matched more specifically and over a wider range of time, because it has been shown that clinical syndromes and brain pathology vary in patients, depending on the location of cerebral infarction and time after the insult. 2, 4, 5 In a recent study, we sought to address the aforementioned concerns by serially tracking regional changes in the spatiotemporal evolution of DWI, perfusion-weighted (PWI), T2WI, and fMRI tissue signatures within the sensorimotor network acutely up to 24 hours after transient middle cerebral artery occlusion (tMCAO) in the rat and correlating these with appropriately specific sensorimotor behavioral measures. 3 Most interestingly, fMRI-based brain activity remained significantly perturbed in regions appearing normal on DWI, PWI, and T2WI, and behavioral deficits persisted 1 day after tMCAO, despite complete renormalization of all MRI parameters. However, a significant correlation between changes in brain function and behavior was not found, which could have been attributable to the presence of subtle postischemic histological damage undetectable via the used MRI sequences and/or more chronic changes in brain function that occurred after the experimental end point. To shed light on these issues, the present study investigated long-term evolution of fMRI-based brain function, behavioral status, and histopathology after brief tMCAO.
The major aims of this study were to (1) evaluate the spatiotemporal evolution of pathological and functional alterations within the brain by multimodal MRI and histology, (2) determine the severity and duration of neurological impairments by a battery of sensorimotor behavioral tests, and (3) correlate MRI tissue signatures derived from specific anatomic regions of interest (ROIs) within the sensorimotor network to behavioral and histological outcomes chronically up to 21 days after tMCAO in the rat. It was hypothesized that tMCAO would (1) produce ipsilesional anomalies on DWI, PWI, and fMRI that would fully recover by 1 day after reperfusion, (2) cause contralesional sensorimotor neurological deficits, and (3) generate ipsilesional histological damage possibly accounting for the chronic persistence of behavioral dysfunction.
Materials and Methods

Animal Preparation
All procedures were in accordance with institutional guidelines. Twenty male Sprague-Dawley rats (Taconic Farms; Hudson, NY) weighing 300 to 350 g were divided into groups 1 (nϭ10) and 2 (nϭ10) undergoing intraluminal suture 20-minute tMCAO with reperfusion or sham operation, respectively, followed immediately by imaging. 3 In sham operation, the suture was inserted 10 mm above the carotid bifurcation without occlusion of the intracerebral vessels. 6 Anesthesia was induced with 5.0% isoflurane under spontaneous respiration and maintained at 2.0% during surgery and 1.0% during MRI. 3 Needle electrodes were subcutaneously inserted into forepaws for 2-minute bilateral somatosensory stimulation during fMRI according to previously optimized parameters. [7] [8] [9] Inspired hypercapnic challenges (2 minutes) tested cerebrovascular reactivity and consisted of a premixed gas of 5% CO 2 with 21% O 2 and balance N 2 . 9,10 Physiological parameters (respiration rate, heart rate, arterial oxyhemoglobin saturation, and end-tidal CO 2 ) were noninvasively recorded throughout imaging. 9 Temperature was maintained at 37.0Ϯ0.5°C with a feedback-controlled heating pad. 9 
MRI Measurements
MRI was performed with a 4.7-T/40-cm horizontal magnet with a Biospec Bruker console and a 20 G/cm gradient insert (internal diameter, 12 cm; rise time, 120 s). A surface coil (internal diameter, 2.3 cm) was used for brain imaging and an actively decoupled neck coil for perfusion labeling. 3 Animals were imaged before and during occlusion, as well as at 30 to 180 minutes and 1, 7, and 21 days after reperfusion. An imaging block lasted 30 minutes, recording 3 apparent diffusion coefficient (ADC) maps separately acquired with diffusion-sensitive, single shot, gradient-echo, echoplanar imaging gradients applied along the x, y, or z direction; 2 T2WIs acquired with a fast spin-echo pulse sequence; 4 fMRI scans (2 each of CO 2 and forepaw stimulation tests) where cerebral blood flow (CBF) and the blood oxygenation level-dependent (BOLD) signal were simultaneously measured by continuous arterial spin-labeling with singleshot, gradient-echo, echoplanar imaging. All scans collected seven 1.5-mm-thick slices according to previously standardized imaging parameters. 3, 9, 10 Basal CBF and ADC were the only imaging parameters recorded during occlusion owing to time limitations, and T2WIs were acquired at all time points except 30 minutes after reperfusion.
MRI Data Analysis
Images were analyzed with Matlab software (MathWorks Inc) and STIMULATE (University of Minnesota, Minneapolis) 9 and coregistered with in-house software. 7 Quantitative average ADC, CBF, and T2WI maps and their corresponding threshold-derived lesion volumes were calculated. 2, 3, 6 Thresholds used to derive ADC, CBF, and T2WI lesion volumes were derived previously and were 0.53ϫ10 , and ϩ2 SD of T2 values in corresponding contralesional (left) hemispheric tissue, respectively. 2, 11 Cerebral swelling (in mm 3 ) was calculated by subtracting the volume of the contralesional hemisphere from the volume of the ipsilesional hemisphere for slices on T2WI at preocclusion, 180-minute, and 1-, 7-, and 21-day time points. Cross-correlation analysis was performed on fMRI data to calculate activation maps for quantification of CBF and BOLD changes in response to hypercapnia (⌬BOLD CO2 and ⌬CBF CO2 ) and forepaw stimulation (⌬BOLD FS and ⌬CBF FS ). [7] [8] [9] 
ROI Analysis
Five ROIs were positioned bilaterally on the MRI maps encompassing the following sensorimotor network structures within the MCA territory: forepaw region of primary somatosensory cortex (Sf1), secondary somatosensory cortex (S2), primary motor cortex (M1), ventral thalamus (thalamus), and caudatoputamen (CPu). 3 To ensure correct placement and to minimize partial-volume effects, 7,9,10 ROIs were drawn carefully and conservatively with reference to anatomic images and a stereotaxic rat brain atlas. 12 This approach was used to measure regional ADC, CBF, ⌬BOLD CO2 , ⌬CBF CO2 , ⌬BOLD FS , and ⌬CBF FS values, with the lattermost 2 parameters investigated solely within Sf1. 3, 7, 9 
Neurological and Histological Evaluation
Adhesive removal, forepaw placement, and general neurological status (Bederson) tests were performed before and at 5 hours and 1, 7, and 21 days postoperatively as described elsewhere. 3, 4 In brief, the adhesive removal test assessed contralesional neglect and ipsilesional bias by recording latency to contact and remove labels (in seconds) as well as the order of label contact (total number of times left and right forepaws were contacted first) and removal (total number of times left and right adhesive labels were removed first). The forepaw placement test examined sensorimotor integration scored as 0 if the placing response was immediate and normal, 1 if the response was delayed, and 2 if the response did not occur within 2 seconds.
At 1 (nϭ3), 7 (nϭ3), or 21 days (nϭ4) after tMCAO subsequent to MRI and behavioral testing, animals were anesthetized and transcardially perfused with 250 mL of heparinized saline, followed by 250 mL of phosphate-buffered 4% paraformaldehyde. 6 The brain was removed and underwent overnight fixation at 4°C in the same paraformaldehyde solution. 6 The following day, brains were sectioned coronally into seven 1.5-mm-thick coronal slices corresponding to the MR slices and embedded in paraffin. One 15-m-thick section from each of the second-, third-, and fourth-most anterior slices was stained with hematoxylin-eosin for microscopic (ϫ100) counting and classification of neurons (ie, intact, necrotic, or apoptotic) in 5 nonoverlapping fields in each ROI, which were performed by an individual (N.H.) blinded to the imaging data. 6, 13 In brief, neurons were classified as necrotic when they exhibited pyknosis, karyorrhexis, karyolysis, cytoplasmic eosinophilia ("red neuron"), or loss of affinity for hematoxylin ("ghost neuron"). 6 Apoptotic neurons were identified by the criteria of Li et al, 13 ie, by the presence of membrane-bound apoptotic bodies of roughly round or ovoid shape. At each time point, the total number of neurons was recorded, and the numbers of apoptotic and necrotic neurons within an ROI were summed to derive the number of nonintact neurons; this was done for each ROI. 
Statistical Analysis
Results
Physiological Measurements
All basal physiological parameters did not significantly differ between groups, time points, or baseline and stimulus intervals of forepaw stimulation and CO 2 challenges (PϾ0.05), with the exception of respiration rate and end-tidal CO 2 being transiently increased during hypercapnia (PϽ0.05; data not shown). These results are consistent with those from normal rats under similar experimental conditions. 3, 9 All proceeding data shown herein are exclusive to the tMCAO group.
DWI, PWI, T2WI, and fMRI
The acute evolution of multimodal MRI parameters was similar to that previously reported after 20-minute tMCAO in rats. 3 In brief, during occlusion, CBF and ADC lesion volumes (204Ϯ32 and 127Ϯ19 mm 3 , respectively) were present in the right MCA territory. The spatiotemporal analyses of perfusion and diffusion parameters are summarized in Figures 1 and 2 , respectively. Regional ipsilesional CBF and ADC values were significantly and heterogeneously reduced during tMCAO relative to corresponding preocclusion or contralesional values (PϽ0.05) and were most severely decreased within subcortical structures such as the CPu and least severely decreased in lateral border zone regions such as Sf1. Perfusion and diffusion abnormalities fully and permanently resolved by 30 minutes after reperfusion. Postreperfusion contralesional ADC and CBF values did not significantly differ from corresponding preocclusion or sham group values (PϾ0.05). T2WI revealed no postischemic swelling or lesions in either hemisphere (data not shown). In sham-operated rats, there were no significant differences in ADC, CBF, and T2WI values between hemispheres or time points (PϾ0.05).
Spatiotemporal profiles of hypercapnia and forepaw stimulation-evoked fMRI responses are shown in Figures 3 and 4 , respectively. Preocclusion fMRI responses to both tests did not significantly differ between hemispheres (PϾ0.05). Soon after reperfusion, ipsilesional CO 2 and forepaw stimulation-evoked hemodynamic changes were significantly reduced relative to corresponding unaltered contralesional values (PϽ0.05) and did not renormalize until 3 and 24 hours after tMCAO, respectively. Lastly, there were no significant differences in the magnitudes of CBF and BOLD responses between hemispheres or time points for both tests in sham animals (PϾ0.05).
Histopathology
Histological data from tMCAO rats are shown in the Table. No significant postoperative histological abnormalities were demonstrated in the contralesional hemisphere of tMCAO rats or in either hemisphere of sham-operated rats (PϾ0.05), nor was grossly visible tissue swelling, pallor, and/or cavitation present at any time point. In tMCAO rats, the number of irreversibly damaged neurons within ipsilesional ROIs was not significantly different from those of corresponding contralesional areas 1 day after tMCAO (PϾ0.05). At 7 and 21 days after reperfusion, a significant number of irreversibly damaged neurons were found in all ipsilesional ROIs (PϽ0.05), with the exception of Sf1 and M1 at 7 days. Isolated necrotic or apoptotic neurons were surrounded by normally appearing neuropil, glia, and endothelium, suggestive of selective neuronal death (ie, incomplete infarction). Moreover, the severity of these histopathological changes was regionally heterogeneous with, for example, the mean proportion of damaged neurons ranging from 7Ϯ4% in a border zone region, Sf1, to 15Ϯ8% in a core structure, CPu, on day 21. Figure 5 summarizes behavioral test results of tMCAO rats. tMCAO rats displayed significant postischemic side-specific sensorimotor deficits relative to preocclusion (PϽ0.05), Sicard et al fMRI, Behavior, and Histology After Brain Ischemiawhich recovered at 21 days. Specifically, adhesive removal testing revealed increases in latency to contact and remove labels from the contralateral forepaw, indicating contralateral neglect. 4 This test also showed a lateralization of preference for the order of label contact and removal, further reflecting postischemic contralateral neglect and ipsilateral bias to sensory stimuli. 4 The forepaw placement test demonstrated preserved ipsilateral function with increased contralateral limb-placing scores. Bederson scoring was normal (scoreϭ0) at all time points. In sham rats, there were no significant differences in behavioral parameters between sides and time points (PϾ0.05). Lastly, no significant correlations were found between behavioral test results and ipsilesional MRI and/or histological parameters at individual time points and when data were grouped (R ranging from Ϫ0.46 to 0.82, PՆ0.05 for all; data not shown).
Behavioral Testing
Discussion
We have previously demonstrated that there is regional variability in the magnitudes of decline and in recovery periods of structural and functional MRI parameters that are not correlated with behavioral status acutely after 20-minute tMCAO in the rat. 3 The present study substantially extends those prior findings by evaluating long-term changes on multimodal imaging and behavioral measures up to 3 weeks after tMCAO. In addition, a thorough histological evaluation of the brain was incorporated. Several important results were found: (1) all imaging modalities recovered fully and permanently by 1 day after reperfusion and did not exhibit secondary abnormalities, (2) permanent reversibility of DWI, PWI, and fMRI anomalies are not predictive of a normal histological or behavioral outcome, and thus, (3) these observations may explain the chronic persistence of neurological deficits in light of a normal MRI battery after transient ischemia.
Postischemic Changes on DWI, PWI, and fMRI
DWI and PWI are widely recognized as powerful tools for rapid detection and evaluation of clinical and experimental cerebral ischemia, 2,4,8 and fMRI is gaining wide acceptance for assessing postischemic cerebral function and how it relates to neurological recovery. 2, 3 Prior studies indicate that ADC, CBF, and fMRI abnormalities vary regionally in magnitude and are potentially reversible when reperfusion occurs quickly after experimental 6 or clinical 14 ischemia. The present study extends these findings by combining the aforementioned imaging techniques to examine regional tissue susceptibility within a network of structures with higher spatial resolution and over an extended time period. Together, 
Regional Numbers of Nonintact Neurons in tMCAO and Sham Rats After Reperfusion
Values are meanϮSD. ROIs are ipsilesional, times are after tMCAO or sham operation, and percent of nonintact neurons is followed by the total number of neurons counted (in parentheses). Contralesional (Contra) numbers of nonintact neurons did not differ significantly between ROIs or time points for both groups and were averaged. Scattered nonintact neurons constituted a statistically insignificant number of cells in both hemispheres of sham-operated animals as well as the contralesional hemisphere of tMCAO rats and were likely artifacts resulting from removal and histological preparation/fixation of brain tissue. 13 *PϽ0.05 vs Contra of respective time point.
Histopathology
The phenomenon of delayed, selective neuronal death was observed after 20-minute occlusion of the MCA. This is consistent with observations made in numerous other species, including humans, that selective neural necrosis requires many days to reach full maturity after transient cerebral ischemia. 15, 16 In this study, neural death within the cerebral sensorimotor network appeared to progressively increase over time. The severity of neuronal injury also appeared to be spatially heterogeneous, which may be attributable to either regional differences in the severity of ischemia 17 and/or intrinsic regional differences in the rate of maturation of ischemic neural death. 18 Interestingly, although the magnitude of cerebral cell death increased over time, behavioral functions steadily recovered. These 2 processes may be unrelated epiphenomena, in that the dying neurons may have been functionally silenced immediately after insult and therefore uninvolved with subsequent changes in behavior, which instead may have been mediated by concomitant neuroplastic events. Alternately, selective neural death may have contrib- uted to behavioral recovery if the eliminated cells were functionally inactive. It is known that a normally developing or adapting nervous system is characterized by selective neural death, termed differential degeneration. 19 The elimination of neurons (and their synapses) in this way is thought to fine tune neuronal circuits and may be mediated by genetic instructions, changes within the cytoplasm, adjoining cells, hormones, and the external environment through, eg, sensory experiences. 19 As such, sufficiently selective neuronal turnover after transient cerebral ischemia may represent a form of neuroplasticity associated with improvements in behavioral outcome. 20 The functional significance of protracted selective neuronal death after tMCAO remains incompletely understood and should be addressed by future studies. Selective neuronal cell death was consistently observed in ipsilesional regions where CBF, ADC, T2WI, and fMRI had previously normalized. Accordingly, the normal MRI results found after brief ischemia may be misleading and may fail to detect evolving subtle tissue damage, including neuronal death. Obviously, some changes undetectable by current MRI measurements that lead to neuronal death are initiated after only a few minutes of markedly reduced CBF and cannot be reversed by even rapid reperfusion. This discrepancy between the ability of MRI and histology to detect tissue damage is thought to result from the fact that the former has a significantly lower spatial resolution than the latter. 6 Indeed, it has been shown that during the acute and subacute stages of cerebral ischemia, selective neuronal cell death does not result in structural changes discernable by either computed tomography or MRI. 21 Higher spatial resolution or supplementary imaging techniques potentially capable of detecting incomplete infarction-such as positron emission tomography and single-photon emission computed tomography radioligands-may be warranted in the evaluation of cell death after brief ischemic insults. 22 Future studies would also be improved by more comprehensive cytological analyses, including examination of a greater number of neuroanatomic structures, stereological cell counting, and examination of additional histological markers of neuronal injury in a larger population of animals.
Behavioral Status
Measuring functional outcome is a relevant and necessary means to assess the consequences of cerebral ischemia. 4 Many prior studies attempted to show relations between lesion volume and behavioral tests, and although some have found a significant correlation between the two, 23 there remains a major lack of agreement in the literature. This is unsurprising, given that relating total lesion size with behavioral impairment rests on the assumption that the degree or extent of cerebral damage is associated with the behavioral impairment and furthermore, fails to identify specific structures that fulfill the particular behaviors being probed. Taking these perspectives into account-as well as the findings of Gavrilescu and Kase, 5 which imply that precise behavioral impairments are contingent on the location of ischemic insult-a regional approach seemed more appropriate for investigating relations between brain and behavior. The chosen battery of behavioral tests was sensitive to the effects of ischemia for the duration of the study, informs exclusively on sensorimotor function, and models the impairments seen in human stroke patients. 4 The persistent contralateral neglect and ipsilateral bias found herein are consistent with a prior animal study that included similar tests and experimental conditions, 4 as well as studies in patients recovering from cerebral ischemia, 24 but surprisingly, their recovery was not associated with restitution of any contralateral or ipsilateral MRI parameter. Thus, a clear causal relation between changes in MRI and behavior remains to be found and as previously mentioned, may be attributable to an inability of imaging to detect subtle postischemic pathological changes underlying behavioral deficits. 6 This conclusion is supported by histological analysis demonstrating slight to moderate selective neural cell death within the sensorimotor network. Behavioral recovery plausibly resulted from plastic changes in the brain (eg, axonal/ dendritic outgrowth, synaptogenesis, and redundancy in brain circuitry), 2 which we plan to investigate in a future study with immunohistochemistry.
Clinical Implications
As is the case with all animal studies, the results found herein are unlikely to be wholly transferable to the human condition, and caution must be exercised when attempting to extrapolate them to the clinic. Nonetheless, our findings parallel those of clinical studies on patients with transient ischemic attack (TIA) or minor stroke in several respects. First, small but significant metabolic alterations and impaired cerebrovascular reactivity to hypercapnia have been found in the symptomatic hemisphere of TIA patients with normal imaging 25, 26 -findings consistent with the diminished fMRI responses to somatosensory stimulation and CO 2 challenge reported herein. Second, populations of TIA/ minor stroke patients are found to possess neurological, neuropsychological, and physical performance deficits that may endure for days to weeks before resolving, despite normal CBF and fully reversed hyperacute DWI lesions. 1, [27] [28] [29] Last, indirect evidence of incomplete infarction has been discovered days to weeks after transient ischemic episodes characterized by no neuroimaging abnormalities, 30 which is similar to the results of this study, although we are unaware of any published study incorporating histopathological analysis of human brain tissue after TIA for conclusive detection of incomplete infarction.
The preceding parallels provide clinicians with at least 2 pieces of important information. First, the data seem to show that the diagnostic utility of diffusion/perfusion MRI after brief ischemia may be compromised by short passages of time. Second, the data argue that normal DWI, PWI, T2WI, and fMRI after transient ischemia may not indicate normal tissue status, as histology and behavior remain abnormal, which may help explain persisting neurological deficits in subsets of patients with transient ischemia and a normal MRI battery. [27] [28] [29] Last, because incomplete infarction and changes in brain metabolism have been shown to have prognostic impact on clinical outcome in TIA patients, 31 our results suggest that adjunct neuroimaging modalities capable of detecting such events may aid in the development of more effective treatment strategies for this patient population. Furthermore, our data emphasize that even brief transient ischemia induces neuronal cell death and behavioral impairment that warrant development of treatment strategies beyond reducing risk factors.
Summary
In conclusion, the present study demonstrates that 20-minute tMCAO produces behavioral deficits that continue despite recovery of MRI parameters in corresponding brain regions. These findings may be relevant to a clinical subset of patients with negative MRI results but persistent neurological dysfunction and may increase insight into the functional, pathophysiological, and anatomic aspects of brain injury associated with transient focal cerebral ischemia.
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